I n this issue of JASN, Kestenbaum and colleagues (1) report the results of a large epidemiologic inquiry focused on risks associated with serum phosphorus in predominantly male veterans with chronic kidney disease (CKD). More than 95,000 veterans were identified with two or more serum creatinine (SCr) determinations over a 3-yr period; 6730 met the authors' definition of CKD (excluding ESRD) and 3490 had one or more determinations of serum phosphorus. The authors' primary analysis was time to death using the proportional hazards model, with at least 13 months of follow-up. Models were adjusted for age, sex, race, diabetes, cardiovascular diagnoses, hemoglobin, serum calcium, and a variety of estimates of kidney function. Relative to individuals with serum phosphorus concentrations between 2.5 and 3.0 mg/dl, individuals with serum phosphorus concentrations between 3.5 and 4.5 mg/dl experienced a Ͼ30% increase in the risk of death; serum phosphorus concentrations of 4.5 or above were associated with a Ͼ80% increase in risk. The higher risk associated with higher serum phosphorus was not extinguished in companion models where additional laboratory values and the use of selected medications were considered. The authors suggested that serum phosphorus might exert a direct adverse effect in patients with CKD by enhancing vascular calcification, citing experimental evidence that demonstrated calcification in vascular smooth muscle cells (VSMC) exposed to media with inorganic phosphate concentrations of 1.4 mmol/L (approximately 4.3 mg/dl) (2). Hyperparathyroidism and 1,25 dihydroxyvitamin D deficiency associated with hyperphosphatemia were also noted as potential mediators.
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Validity of the Results
As with all epidemiologic analyses, validity depends on the quality of the data, appropriateness of the analysis (including handling of missing data), careful consideration of confounding variables, and biologic plausibility. The US Department of Veterans Affairs (VA) hospitals and health systems have been among the leading institutions in computerized medical records; data from other VA studies using administrative and other electronic records have been exceptionally informative. Data quality from the Consumer Health Information and Performance Sets (CHIPS) is likely to be high.
Conventional survival techniques were used for most of the analyses. We were troubled with the authors' inferences regarding exposures up to three years before survival was evaluated. However, if the exposure period were narrowed, the absolute number and fraction of individuals with serum phosphorus data would have been lower, reducing generalizability as well as sample size and statistical power. Mortality rates were 25% higher for veterans with CKD who had serum phosphorus measured compared with those who did not, although the mean estimated creatinine clearance (eCrCl) of both groups was nearly identical. This suggests that the analytic sample was biased relative to all veterans with CKD.
Multiple confounding variables were considered and adjusted for. While certain comorbid conditions might be underascertained in some electronic datasets relative to direct patient inquiry or medical records review, a deficiency here is unlikely to qualitatively influence the results. There were no obvious omissions, i.e., variables strongly associated with serum phosphorus that were not considered. Parathyroid hormone concentrations were obtained in only 7% of veterans with CKD and a value for serum phosphorus; the number of veterans with available 25-hydroxyvitamin D concentrations was likely even lower. These findings confirm results from previous studies (3) and highlight the fact that relevant disorders of mineral metabolism are generally not investigated in persons with mild to moderate CKD.
Several epidemiologic studies have demonstrated an association between higher serum phosphorus, mortality, and cardiovascular disease in patients on hemodialysis. Pooling two random samples of prevalent US hemodialysis patients evaluated during the early 1990s, US Renal Data System investigators showed a 27% increase in the relative risk of death associated with a serum phosphorus Ͼ6.5 mg/dl (4). Using the same data source, serum phosphorus Ͼ6.5 mg/dl was found to be significantly associated with sudden death and death due to coronary artery disease (5). More recently, we reported that serum phosphorus concentrations Ն5.0 mg/dl were associated with a significantly increased risk of death, hospitalization for cardiovascular disease, and fracture (6) . These analyses were adjusted for case mix and a broad array of laboratory, including nutritional, variables. Finally, higher serum phosphorus has been associated with the extent of vascular calcification using Bmode ultrasound (7) and electron beam tomography (8, 9) .
The association between higher serum phosphorus and mortality has been further supported by experimental evidence. Jono and colleagues (2) demonstrated that the addition of phosphorus to cultured VSMC led to enhanced mineralization and expression of the osteoblast transcription factor core binding factor ␣-1 (Cbfa1). This transcription factor is felt to be critical for osteoblast differentiation from mesenchymal stem cells (10) . Examination of the inferior epigastric arteries from kidney transplant recipients demonstrated enhanced expression of Cbfa1 in areas of calcification in the intima and medial layers (11) . Subsequent work has demonstrated that the mineralizing effect of phosphorus on VSMC in vitro is augmented in the presence of higher calcium concentrations (12, 13 ). Phosphorus appears to induce an osteoblast-like phenotype in VSMC. Once osteoblast-like genes and protein products are expressed, the VSMC are capable of mineralizing in the presence of phosphorus and calcium. Although Kestenbaum and colleagues did not evaluate the VA cohort for vascular calcification, matrix deposition leading to thickened medial layers may precede vascular calcification. These effects can manifest clinically as vascular noncompliance; vascular stiffness (as assessed by pulse wave analysis) and its proxy (pulse pressure) have both been associated with mortality in hemodialysis patients (7, 14) .
The authors note that the magnitude of the association between serum phosphorus and mortality in veterans with CKD was greater than that reported in hemodialysis patients by Block et al. (4) and Stevens et al. (15) . The authors offered the following explanations for this observation: (1) inclusion of multiple phosphate measurements during the baseline period (thereby reducing misclassification), (2) differing ranges of phosphate levels among CKD versus ESRD populations, and (3) differing effects of phosphate among different patient populations. In the interest of considering biologic plausibility, we address each possibility.
First, while inclusion of multiple phosphate measurements could reduce misclassification, the authors report the median number of phosphorus determinations at 2, with an interquartile range of 1 to 4. In other words, fewer than half of the population had annual or more frequent determinations of serum phosphorus. As such, we would expect considerable misclassification of the serum phosphorus concentration due to biologic and random variation not captured by infrequent laboratory testing. Second, the range of serum phosphorus is much wider in ESRD than in CKD. Only 7% of veterans with CKD were hyperphosphatemic (Ն4.5 mg/dl); approximately the same fraction of ESRD patients had serum phosphorus concentrations Ն8.5 mg/dl (6) . Ironically, the relative risks of mortality associated with the "upper 7%" in the VA CKD cohort and a Fresenius Medical Care hemodialysis patient cohort (relative to below-the-median referent groups) were both approximately 1.9. We simply cannot generate a biologically plausible hypothesis for why the effects on mortality of a relatively small increase in serum phosphorus in CKD would be as extensive as those associated with much larger increases in serum phosphorus in ESRD. Rather, we would expect other ESRD-related factors (e.g., uremia, hypercalcemia, more extensive inflammation, and secondary hyperparathyroidism, the provision of calcium-based phosphate binders and pharmacologic doses of vitamin D sterols, among other factors) to enhance the risk of vascular calcification in the hyperphosphatemic ESRD population. Third, we see no reason why the effects of serum phosphorus would be more extensive in veterans versus nonveterans; we previously reported no age-, sex-, or race-related differences in the relative risks of death and cardiovascular disease associated with hyperphosphatemia in ESRD.
Alternative Explanation
We propose that confounding by the severity of CKD is a more plausible explanation for the mortality risk profile described, rather than an augmentation of vascular calcification. First, any indirect measure of kidney function (e.g., iothalamate or creatinine clearance, SCr or cystatin C) may over-or underestimate actual kidney function depending on test conditions and other confounding factors (e.g., creatinine generation). Add to the potential "noise" of indirect measures of kidney function the regression coefficients incorporated into commonly applied GFR prediction equations, such as Cockcroft-Gault (16) or MDRD (17) . Further add biologic changes that might develop over the course of a 3-yr baseline evaluation period. Now imagine 1000 veterans with CKD, all with the same "timeweighted" SCr or eCrCl. How might we further gauge the severity of CKD? Arguably, the 500 less muscular veterans with lower creatinine generation rates would have more severe CKD (on average) than the 500 more muscular veterans with higher creatinine generation. The 500 veterans with lower hemoglobin concentrations would have more severe CKD (on average) than the 500 veterans with higher hemoglobin concentrations (assuming that erythropoietin had not been administered). The 500 veterans with lower serum bicarbonate concentrations would have more severe CKD (on average) than the 500 veterans with higher serum bicarbonate concentrations (assuming that base supplementation had not been administered). Similarly, the 500 veterans with higher serum phosphorus concentrations (after accounting for differences in body composition, hemoglobin, and bicarbonate) would have more severe CKD (on average) than the 500 veterans with lower serum phosphorus concentrations.
We should learn to expect misclassification of CKD severity when estimating kidney function using SCr or creatinine-based regression equations. As a result, we may bias risk estimates associated with CKD or stages of CKD in epidemiologic studies. Frequent proximate determinations of SCr or eGFR and the application of kidney function as a time-dependent covariate could attenuate misclassification (18) . This more rigorous approach may not always be practical, particularly when evaluating CKD stages 2 and 3, where laboratory testing tends to be irregular and infrequent.
The Bottom Line
Our assertion that the marked increase in mortality risk associated with higher serum phosphorus in veterans with CKD reflects confounding by the severity of CKD (rather than a direct toxic effect of phosphorus) does not invalidate the results, just their interpretation. The associations are as described, and persons with CKD and higher serum phosphorus concentrations should, for the meantime, be considered to be at higher risk of mortality than other persons with CKD. Confirmation of these associations in other cohorts, particularly those with an ample proportion of women and persons of color, is warranted.
The overall mortality rate for veterans with CKD and at least one determination of serum phosphorus was quite high (Ͼ14% annually), confirming the distressingly high mortality rates reported in other CKD cohorts (18) . While the manuscript from Kestenbaum et al. extends the base of evidence that higher serum phosphorus concentrations are associated with an increased risk of mortality and cardiovascular disease in ESRD and in CKD, more work is urgently needed to understand the mechanism(s) involved. Because hyperphosphatemia and hypocalcemia are rare in mild to moderate CKD (19, 20) , more subtle abnormalities in mineral metabolism should be carefully investigated. As recommended by the Kidney Disease Quality Outcomes Initiative (K/DOQI), calcium, phosphorus and PTH should be measured regularly with CKD stages 3 and above. A 25-hydroxyvitamin D concentration should also be measured to evaluate for substrate deficiency, a common finding particularly among the elderly. Clinical trials comparing alternative management strategies for secondary hyperparathyroidism in CKD (e.g., dietary phosphate restriction versus phosphate binders versus activated vitamin D analogues versus other agents) would require creative determination of outcomes and extended follow-up times, but would prove extremely valuable.
Finally, these findings should encourage investigators interested in refining classification and stratification of CKD to look beyond GFR, toward parameters of tubular function and other overt manifestations of lower GFR that might help reduce misclassification of SCrbased GFR estimates (e.g., hemoglobin, bicarbonate, and phosphorus, among others). While reducing calcification should be a priority in any treatment strategy for hyperphosphatemia and secondary hyperparathyroidism, enhancing CKD classification should also improve care and outcomes for patients with CKD.
